Mo complexes are currently the most active catalysts for nitrogen fixation under ambient conditions. In comparison, tungsten platforms are scarcely examined. For active catalysts, the control of N 2 vs. proton reduction selectivities remains a difficult task. We here present N 2 splitting using a tungsten pincer platform, which has been proposed as the key reaction for catalytic nitrogen fixation. Starting from + or H 2 evolution and oxidation of the W 2 N 2 core, respectively, depending on the acid and reaction conditions. Examination of the nitrogen splitting vs. proton reduction selectivity emphasizes the role of hydrogen bonding of the conjugate base with the protonated intermediates and provides guidelines for nitrogen fixation.
Introduction
Homogeneous N 2 xation under ambient conditions has made remarkable progress over the past 15 years.
1 Nishibayashi and co-workers recently obtained over 4000 equiv. of NH 3 with the proton coupled electron transfer (PCET) reagent H 2 O/SmI 2 as H + /e À sources and a molecular Mo pincer catalyst. 2 Accordingly, nitrogen reduction (NR) via electrochemically or light-driven PCET with related systems has attracted a lot of attention.
3,4
Lindley et al. estimated a suitable overpotential window of 1-1.5 V for selective NR (in MeCN) prior to competing hydrogen reduction (HR) at a glassy carbon cathode. 5 However, besides the thermochemical framework, mechanistic models that account for NR vs. HR selectivities of molecular catalysts are generally poorly developed. Several M(N x H y ) intermediates relevant to N 2 xation (Scheme 1) exhibit low N-H bond dissociation free energies (BDFEs) below that of free H 2 (BDFE(H 2 , gas) ¼ 97.2 kcal mol À1 )
as possible branching points into HR. 6, 7 Computational evaluation of NR vs. HR selectivities for a series of Fe catalysts pointed at bimolecular H 2 loss from species with low N-H BDFEs. 8, 9 Attempts to stabilize such Fe(N x H y ) species by hydrogen bonding with pendant bases so far resulted in shutdown of catalysis. 10 But, in fact, such secondary interactions might also be relevant for Nishibayashi's catalyst as indicated by selectivities obtained with 2,6-lutidinium acids ([LutH] + [X] À ) as the proton source. These strongly depend on the X À counter anion: NH 3 /H 2 (X À ) ¼ 7.0 (Cl À ), 0.9 (OTf À ), and 0.14 (BAr 4 À ).
11
In this contribution, we address the role of hydrogen bonding for the selectivity of proton induced N 2 splitting into molecular nitrides vs. proton reduction. N 2 splitting has evolved as an entry into N 2 functionalization for a wide variety of metals 12 and was proposed as the key step in N 2 xation with Mo pincer catalysts. 2, 13 Cleavage of Cummins' seminal complex 1 (Fig. 1) 20 We here report tungsten mediated N 2 splitting that competes with proton reduction upon protonation of a {W 2 N 2 } pincer complex. Our results provide evidence for the signicance of hydrogen bonding for the reaction selectivity. Reduction of 5 with Na/Hg (2 equiv.) under N 2 (1 atm) in THF gives the green, N 2 -bridged dinuclear complex [(N 2 ) {WCl(PNP)} 2 ] (6) in up to 66% isolated yield (Scheme 3). In the solid state (Fig. 2 ) 6 is isostructural with the molybdenum analogue 4, regarding the N 2 binding mode, the approximate C 2 symmetry due to mutually twisted {WCl(PNP)}-fragments (Cl1-W1-W1#-Cl1#: 89.59 /92.27 ), and the distorted squarepyramidal metal coordination (s ¼ 0.35). 21 The short W-N 2 bond (1.78(2)/1.82(4)Å) indicates multiple bonding character. In turn, the N-N bond (1.33(4)/1.27(8)Å) is at the higher end for 
Results and discussion
1.212 (2) ). 23 The closed-shell ground state and degree of N 2 activation are in line with the covalent bonding picture described in Fig. 1 In contrast to the Mo analogue 4 (Scheme 2), the selectivity of protonation induced N 2 splitting strongly varies with the reaction conditions. The addition of HOTf (2 equiv.) to 6 at r. 
Mechanistic examinations
Stoichiometric protonation at low temperatures was carried out to obtain spectroscopic information about intermediates. With 1 equiv. of HOTf at low T (À35 C), the NMR data are in agreement with pincer protonation to diamagnetic dinuclear
Scheme 4 Protonation of 6 with 2 equiv. of different acids. (Fig. 3) .
Protonation of 6 with 2 equiv. of HOTf at low temperatures in THF is associated with a color change from green to yellow. Fig. S25 and S26 in the ESI †). This step is followed by a much slower, monoexponential decay, which was monitored over 5 h (Fig. 4, le) . Under pseudo rst order conditions in acid (c(HNEt 3 + ) 0 /c(6) 0 ¼ 10-25), the rate constant (k obs (2) ) linearly depends on the acid concentration (Fig. 4, right) , which is in agreement with a slow, irreversible second protonation aer the initial, fast preequilibrium K 1 . However, the non-zero intercept indicates the presence of at least one competitive pathway at a low acid concentration. The rate constant k obs (2) for the formation of 7 + was therefore expressed as eqn (1) which results from the minimum kinetic model outlined in Scheme 7:
The rst term accounts for the initial protonation of 6 to give Peters for an iron diazenide N 2 -xation intermediate. 8 However, path A is predominant with excess acid. Besides these routes for hydrogen evolution, splitting of the N 2 bridge is observed in the presence of triate as the counteranion and is even selective at Scheme 6 Oxidation of 6 with 1 equiv. of acid at different temperatures. This journal is © The Royal Society of Chemistry 2019 lower temperatures. These effects are rationalized computationally in the next section. ) is almost isoenergetic, in full agreement with the experimental ndings. The triate induced effect on selectivity is therefore attributed to Curtin-Hammett controlled reactivity wherein N-H hydrogen bonding to the counteranion modies the energetics of the protonation pre-equilibria.
Computational examinations
A similar picture evolves for the reaction with triic acid (see the ESI, Scheme S1 †). However, the potential energy of protonation is augmented by the higher driving force with the stronger acid (pK ), in line with selective N 2 splitting upon double protonation with HOTf at À80 C and slow warming.
Concluding remarks
In summary, an anion effect on the selectivity of proton induced dinitrogen splitting (NR) vs. hydrogen evolution (HR) at the N 2 bridged ditungsten complex 6 was demonstrated and rationalized. Our spectroscopic, kinetic and computational studies suggest some guidelines to improve NR over HR yields: (a) Nitrogen vs. metal protonation offers separate reaction channels with a proposed hydride isomer leading to hydrogen evolution analogous to the highly active Mo-oxo polypyridyl HR catalysts. 29 The tautomerisation equilibrium can be offset by hydrogen bonding with protic N-H hydrogen atoms favoring the use of an acid [BH] + X À where the anion X À is prone to form H-bonds for high NR selectivity. (b) Protonation under Curtin-Hammett control with weak acids can become irreversible with strong acids. Hence, the pK a of the acid can have a decisive kinetic effect on the selectivity.
(c) Lower temperatures favour hydrogen bonding interactions due to the reduced entropic penalty as a strategy for increased NR yields.
Besides the immediate application to the current system, these ndings might be considered as a model reaction for nitrogen xation schemes. The studies of Peters and of Nishibayashi have emphasized the importance of proton coupled electron transfer for N 2 xation under ambient conditions. Our kinetic model might therefore offer some general strategies regarding the choice of acid to improve NR selectivities with respect to unproductive proton reduction.
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